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Abstract

The rapid increase in emissions and the depletion of fossil fuels have led to a rapid
rise in the electric vehicles (EVs) industry. Electric vehicles predominantly rely on
lithium-ion batteries (LIBs) to power their electric motors. However, the charging
and discharging processes of LIB packs generate heat, resulting in a significant
decline in the battery performance of EVs. Consequently, there is a pressing need
for an effective Battery Thermal Management System (BTMS) for lithium-ion
batteries in EVs. In this current study, a novel experimental BTMS is developed
for thermal performance enhancement of LIB pack comprising 2x2 cells. Three
distinct fin configurations (circular, rectangular, and tapered) are integrated with
the outer wall of the lithium-ion cells. Additionally, the cells are fully submerged in
Phase Change Material (PCM). The study considers 1C, 2C, and 3C cell discharge
rates. The combination of rectangular fins and PCM manifests superior perfor-
mance, reducing the mean cell temperature by 29.71%, and 28.36% as compared
to unfinned lithium-ion cells under ambient conditions at 1C, and 2C discharge
rates. Furthermore, at 3C discharge rate, lithium-ion cells equipped with rectan-
gular fins demonstrate a delay of 40 minutes in reaching the maximum surface
temperature of 40°C' as compared to the unfinned ambient case. After 60 minutes
of battery discharge at a 3C rate, the cell surface temperature of the rectangular
fin case only reaches 42.7°C'. Furthermore, the numerical simulations show that
Nusselt numbers for lithium-ion cells with rectangular fins improve by 9.72% as

compared to unfinned configurations at 3C discharge rate.
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Chapter 1

Introduction

1.1 Battery Thermal Management System

Battery Thermal Management Systems (BTMS) are indispensable in the realm
of lithium-ion batteries, especially within the context of Electric Vehicles (EVs).
The intricacies of EV applications, marked by high power demands and diverse
operating conditions, underscore the critical role of effective thermal management
in optimizing battery performance and safety. Lithium-ion batteries exhibit sensi-
tivity to temperature fluctuations, and without proper thermal control, efficiency

and longevity can be compromised, leading to potential safety hazards.

BTMS emerges as a comprehensive solution, employing advanced cooling and heat-
ing mechanisms to uphold batteries within an optimal temperature range. In ad-
dition with liquid cooling, the incorporation of phase change materials (PCMs)
is gaining prominence. PCMs leverage latent heat during phase transitions to
regulate temperature, offering an additional layer of thermal stability during de-

manding usage scenarios.

The innovation of fin geometry modification adds another dimension to BTMS
efficiency. Through the optimization of heat-dissipating fins within the battery
pack, engineers can elevate heat transfer rates, fostering improved thermal perfor-
mance. This optimization proves pivotal in preventing temperature irregularities,

safeguarding battery life and overall safety.

1
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The evolution of BTMS not only enhances performance but also contributes sub-
stantially to the longevity and safety of lithium-ion batteries in EVs. With the
continuous rise in demand for electric vehicles, ongoing research and advancements
in battery thermal management will remain integral in propelling the capabilities

of EV technology.

One particularly noteworthy advancement in Battery Thermal Management Sys-
tems (BTMS) involves the integration of Phase Change Materials (PCMs). PCM-
based BTMS represents a cutting-edge solution that leverages the unique prop-
erties of these materials to enhance thermal regulation. PCMs undergo phase
transitions, changing from solid to liquid or vice versa, and during these transi-
tions, they absorb or release latent heat. This remarkable ability allows PCMs to
act as thermal buffers, effectively mitigating temperature fluctuations within the
battery pack. When strategically embedded within the battery system, PCMs play
a crucial role in stabilizing temperature profiles. During periods of high demand,
such as rapid charging or discharging, the PCM absorbs excess heat, preventing
the battery from overheating. Conversely, during periods of low demand, the PCM
releases stored heat, ensuring that the battery remains within the optimal temper-
ature range for efficient operation. This PCM-based approach not only enhances
thermal management but also contributes to the overall efficiency and longevity
of lithium-ion batteries. By mitigating temperature extremes, PCM-based BTMS
helps minimize thermal stress on battery components, reducing the likelihood of
degradation and extending the lifespan of the battery pack. As the electric vehicle
landscape continues to evolve, PCM-based BTMS stands out as a pivotal technol-
ogy, pushing the boundaries of thermal management and reinforcing the reliability

of lithium-ion batteries in the demanding context of electric mobility.

1.1.1 Types of Battery Thermal Management Systems

1.1.1.1 Liquid Cooling Systems

Liquid cooling systems are a widely employed BTMS, utilizing a circulating coolant

to absorb and dissipate heat generated during charging and discharging cycles. The
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coolant flows through dedicated channels within the battery pack, effectively regu-
lating temperature and maintaining a stable operational environment for lithium-

ion cells.

1.1.1.2 Forced Air Cooling Systems

Forced air cooling systems employ fans or blowers to actively circulate air across
the battery pack. This method enhances heat dissipation by increasing the air-
flow, making it particularly effective in scenarios where natural convection may
be insufficient. Forced air cooling is a cost-effective solution and is often used in

conjunction with other cooling methods for improved thermal management.

1.1.1.3 Hybrid Cooling Systems

Hybrid cooling systems combine two or more cooling methods to optimize ther-
mal management. For example, a hybrid system may integrate liquid cooling and
forced air cooling to leverage the benefits of both methods. This approach al-
lows for greater flexibility in adapting to varying operating conditions, providing

efficient heat dissipation across a wide range of scenarios.

Hybrid cooling systems aim to achieve a balance between performance, cost, and

energy efficiency in battery thermal management.

1.1.1.4 Phase Change Material (PCM) Based Systems

PCM-based BTMS leverages the unique properties of phase change materials to
enhance thermal regulation. PCMs undergo phase transitions, absorbing or re-
leasing latent heat during these transitions. By strategically incorporating PCMs
into the battery design, this system acts as a thermal buffer, absorbing excess heat

during high-demand periods and releasing it during low-demand phases.

1.1.1.5 Thermal Runaway Prevention Systems

These systems focus on early detection and prevention of thermal runaway, a

phenomenon where temperature spikes lead to uncontrollable and rapid heating.
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Advanced sensors and control mechanisms are employed to identify potential issues
and implement measures such as reducing charging rates or activating cooling

systems to prevent thermal runaway.

1.1.1.6 Direct Liquid Immersion Systems

In this approach, batteries are directly immersed in a thermally conductive liquid.
This method provides efficient heat dissipation due to the direct contact between
the liquid and battery components. Direct liquid immersion is known for its effec-
tiveness in managing temperature, but it requires careful design considerations to

prevent leakage and ensure safety.

1.1.1.7 Active Thermal Control Systems

Active thermal control systems utilize electric heaters or coolers to actively adjust
the temperature of the battery pack. This approach allows precise control over the
thermal environment and is often combined with other passive cooling methods

for a comprehensive and dynamic thermal management strategy.

1.2 Passive Cooling Using Phase Change Mate-

rials

Phase Change Material (PCM)-based Battery Thermal Management Systems (BTMS)
have emerged as a revolutionary approach to address the thermal challenges as-
sociated with lithium-ion batteries, particularly in the context of electric vehicles
(EVs). This innovative cooling method utilizes materials that undergo phase tran-
sitions, changing from solid to liquid and vice versa, while absorbing or releasing
latent heat during these transitions. The fundamental principle behind PCM-
based BTMS is to leverage the latent heat absorption or release during the phase
change of the material. PCMs have a distinct advantage in their ability to ab-
sorb a significant amount of heat without a substantial increase in temperature,

providing an effective means of temperature regulation within the battery pack.
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This property allows PCMs to act as thermal buffers, absorbing excess heat dur-
ing high-demand situations, such as rapid charging or discharging, and releasing
it during low-demand periods. The integration of PCM into the battery design
introduces a dynamic and adaptive thermal management system. During periods
of intense battery activity, the PCM absorbs heat and undergoes a phase change,

preventing the temperature from rising sharply.

Conversely, during periods of low activity, the PCM releases stored heat, main-
taining the battery within the optimal temperature range for efficient operation.
One of the notable advantages of PCM-based BTMS is its ability to mitigate
thermal runaway risks. Thermal runaway, a phenomenon characterized by un-
controlled and rapid temperature increase, poses a significant safety concern for
lithium-ion batteries. PCM’s ability to absorb and distribute heat evenly helps

prevent localized hotspots, reducing the likelihood of thermal runaway events.

Additionally, PCM-based BTMS contributes to the overall longevity of lithium-
ion batteries. By minimizing thermal stress on battery components, this cooling
method helps alleviate degradation, extending the lifespan of the battery pack.
This not only enhances the economic viability of electric vehicles but also aligns
with sustainability goals by promoting longer-lasting energy storage solutions.
PCM-based BTMS represents a promising avenue for advancing the efficiency,
safety, and longevity of lithium-ion batteries in electric vehicles. The dynamic
nature of PCM allows for precise thermal regulation, making it a key player in the

evolution of battery technology for the sustainable future of electric mobility.

1.3 PCMs and Their Types

Phase Change materials are substances capable of undergoing phase transitions,
typically changing from solid to liquid and vice versa, while absorbing or releasing
latent heat. This unique property makes them ideal for thermal energy storage
and regulation in Battery Thermal Management Systems (BTMS). Following are
the types of Phase Change Materials PCMs:
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1.3.1 Organic PCMs

Organic PCMs are derived from hydrocarbons, fatty acids, or paraffins. They
are known for their diverse range of phase change temperatures, making them
adaptable to specific thermal requirements. Organic PCMs often exhibit high

latent heat capacity, providing efficient energy storage during phase transitions.

1.3.2 Inorganic PCMs

Inorganic PCMs are based on salts, metals, or other inorganic compounds. These
materials offer high thermal conductivity and stability, making them suitable for
applications where precise temperature control is critical. Inorganic PCMs are less

prone to degradation over repeated phase transitions, ensuring long-term reliabil-

ity.

1.3.3 Bio-based PCMs

Bio-based PCMs are sourced from renewable materials such as natural oils or fats.
They provide an environmentally friendly alternative, aligning with sustainability
goals. Bio-based PCMs offer thermal properties comparable to traditional PCMs

while reducing reliance on non-renewable resources.

1.3.4 Eutectic PCMs

Eutectic PCMs consist of a mixture of two or more substances that, when com-
bined in specific ratios, create a blend with a single, well-defined melting point.
This characteristic ensures a sharp and predictable phase change, enhancing the

precision of thermal regulation in BTMS applications.

1.3.5 Micro Encapsulated PCMs

Micro encapsulated PCMs involve enclosing PCM particles within microscopic

capsules. This encapsulation provides controlled release of latent heat, improving
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compatibility with various materials and facilitating the integration of PCMs into
battery systems. The micro encapsulation process enhances stability and prevents

PCM leakage. Following Figure 1.1 shows the classification of PCMs [1]

Now-Parfios |~
N
Glycols, etc.
pous B | Mol |
Organic + Organic |
Inorganic + Organic |
Eutectics
Inorganic + Inorganic

FIGURE 1.1: Classification of PCMs and sub classes for organic in organic and
eutectic PCMs. [1]

1.4 Scope of the Study

1.4.1 Development of a Novel Lithium-Ion Cell Tester

1. Design and implementation of a state-of-the-art lithium-ion cell tester.

2. Focus on accuracy, precision, and versatility to ensure comprehensive cell

characterization. Battery Pack Development for Testing

1.4.2 Battery Pack Development for Testing

1. Design and construction of a dedicated battery pack for testing purposes

which included different fins and unfinned LIB packs

2. Consideration of real-world conditions, ensuring the pack simulates practical

scenarios for accurate assessments.
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1.4.3 Experimental Phase

1. Rigorous experimentation using the developed cell tester and battery pack.

2. Comprehensive testing of lithium-ion cells to gather data on performance,

efficiency, and behavior under various operating conditions.

1.4.4 CFD Numerical Comparison

1. Integration of Computational Fluid Dynamics (CFD) simulations for a nu-

merical comparison.

2. Utilization of advanced modeling techniques to analyze and predict thermal

behavior within the battery pack.

1.4.5 Thermal Performance Parameters Testing

1. Evaluation of thermal performance parameters, including temperature dis-

tribution, heat dissipation, and overall heat management.

2. Comparison of experimental results with CFD simulations to validate the

accuracy of the numerical model.

1.4.6 Analysis and Interpretation

1. In-depth analysis of experimental and numerical data to draw correlations

and identify trends.

2. Interpretation of results to understand the impact of various factors on ther-

mal performance.

1.4.7 Conclusions and Future Directions

1. Summarize key findings and their implications for the field of battery tech-
nology.
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2. Suggest potential avenues for future research and development, building on

the insights gained from the study.

1.5 Thesis overview

This thesis comprises of an abstract and 6 chapters, details of which are as follow:

1. Introduction is the current chapter which explains the background of this
research and the scope of this study. Prior to this section the Abstract and

different terminologies have been explained.

2. Literature Review followed by introduction, a detailed literature review is
discussed with backgrounds to emissions of conventional internal combustion
vehicles which leads to developments of EVs. Details of previously studied

Battery Thermal Managment Systems have been discussed in detail.

3. Experimental Setup chapter discusses the development of the experimen-
tal test rig which includes the manufacturing of LIB pack and the novel
controller circuit for battery testing. The details of the sensors and data

acquisition systems is also discussed.

4. Numerical Methodology All the details of domain discretization and nu-
merical methods used along with their equations are discussed in detail.

Time step and mesh independence study is also discussed in this section.

5. Results and Discussion This is a detailed section in which the firstly
the experimental results are discussed which then leads to the numerical
validation and comparison of numerical results with the experimental results.

Thermal perfomance parameters are also discussed.

6. Conclusion A summarized details of the enhancements achieved and the

results are discussed relating to all the parametric variations in this research.



Chapter 2

Literature Review

Concerns about the environment and the need for zero-emission transportation
have pushed for the development of electric vehicles (EVs) [2]. The growth of the
electric vehicle (EV) market was catalysed by the increased public awareness of
climate change and the necessity for clean energy. Electric vehicles (EVs) have
emerged as the most promising mode of transportation due to their minimal op-

erational costs, high speed, and energy-efficient battery technologies [3].

According to Quadrelli and Peterson CO, emissions play a great role in the in-
creased green house gasses and inturn result in overall temperature rise. The effects
of rising greenhouse gas concentrations may take time to manifest due to system
inertia in climate, ecology, and socio-economic interactions. Pollution resulting
from traditionally powered transportation vehicles can be effectively minimised
by utilising cars equipped with lithium-ion batteries. Battery temperature dur-
ing operation is an important element that affects battery life [4-6]. Even after
stabilizing CO, levels, surface temperature will continue to rise for over a cen-
tury, and sea levels will persistently increase for many centuries. Certain climate
changes are essentially irreversible due to the internal combustion engines. Figure
2.1 shows the rise in temperature over the past century with predictions for the

next 10 centuries [7].

In China, battery electric vehicles and plug-in hybrid electric vehicles save energy

and emit less CO5 than regular petrol ICEVs. Variations are noted among regional

10
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grids, with greater benefits in the Central, South, Northwest, and Hainan Power
systems. In contrast, North, Northeast, and East China power grids show lesser

savings due to a higher amount of coal-fired power [8] as shown in Figure 2.2.

Sea-level rise due fo ice melfing:
»*" | several millennia

(0, emissions peak: »* Sea-level rise due fo thermal expansion:
0 1o 100 years centuries to millennia

Temperature stabilisation:
a few centuries

(0, stabilisation:
100 to 300 years

(0, emissions

Todoy 100 1000 years

years

FIGURE 2.1: Timeframes for climate change impacts (generic representation
for stabilizing COy concentration at any level between 450 and 1000 parts per
million by volume (ppmv)) [7].

In China, battery electric vehicles and plug-in hybrid electric vehicles save energy
and emit less CO5 than regular petrol ICEVs. Variations are noted among regional
grids, with greater benefits in the Central, South, Northwest, and Hainan Power

systems.

In contrast, North, Northeast, and East China power grids show lesser savings due

to a higher amount of coal-fired power [8] as shown in Figure 2.2.
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FIGURE 2.2: BEVs and PHEVs savings in emissions over China [§]
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In comparison to other popular rechargeable batteries such as Nickle-Cadmium,
Ni-Metal hydride, and Lead-acid batteries, the Lithium-Ion battery has a high
energy and power density, a long service life, and is environmentally friendly, and
has thus been widely used in consumer electronics [9]. Because of their durability,
extended cycle life [10] low self-discharge rate, and large capacity [11], lithium-ion
batteries are primarily declared as power source of Electric vehicles. Figure 2.3

shows the setup used for the testing of Li-Ion Cell.

FIGURE 2.3: Physical test bench for each cell in this study [10].

The primary difficulties for the battery are heat and severe temperatures, which
can occur at high discharge rates during scenarios such as rapid acceleration [12].
To maintain equal temperature distribution among the cells, an effective BTMS
is necessary [13]. According to patel et al. [13] the shift to electric vehicles (EVs)
poses a substantial problem because lithium-ion batteries’ efficiency is temperature

dependent.

A reliable battery thermal management system (BTMS) is required. The au-
thors examined active and passive BTMS, with a focus on passive solutions such
as Phase Change Material (PCM) and heat pipes. PCM and heat pipe-based
BTMS are effective without increasing power usage. Hybrid BTMS, which com-

bines active and passive parts, provides greater thermal regulation.

The statistical study reveals improvements in maximum battery temperature and
temperature differential. The essay focuses on establishing practical and cost-

effective BTMS solutions within power, volume, and weight constraints [14].
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Battery thermal management system (BTMS) ‘
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FIGURE 2.4: A detailed BTMS classification [14].

To address all of these requirements, research studies on the BTMS have been
conducted using several mediums for heat transfer such as air, liquid and PCM-
based cooling [15-19]. Lin et al. [20] investigated a temperature range of —10°C
to 50°C' has been identified as an optimum temperature range for a lithium-ion
battery. However, observations showed that the Lithium Ion batteries perform

optimally between 20 — 40°C' [21].

Motloch et al. [22] investigated that in an operating temperature 30 —40°C' range,
every 1°C' rise in temperature reduced the lifetime of a battery by two months
approximately. An optimal Li-Ion battery operation can be done by maintaining
battery temperature within safe limits. There are several ways to control these
temperatures, including liquid cooling [23], air cooling [24], and passive cooling

with phase change materials.

Park and Jung [25] conducted a numerical analysis to examine the cooling effi-
ciency of lithium-ion batteries using different cell configurations and heat transfer
fluid types. It was discovered that air cooling was most effective for the larger
battery design with a small gap between cells, whereas liquid cooling was more
suitable for the narrower battery design. At a high rate of discharge, the air-cooling
system consumed more power compared to the liquid cooling approach. Pender-
gast et al. [26] designed a water cooling system specifically for a battery module
that has Panasonic 18650 cells enclosed in an aluminum case. The liquid cooling

system was projected to be 3500 times more efficient than the air cooling system,
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resulting in a 40% reduction in load [27]. However, this improvement in efficiency
comes at the expense of increased complexity and running cost. Huo and Rao [2§]
conducted a simulation to evaluate the thermal efficiency of a system consisting
of one battery and five batteries. The system utilised liquid cooling BTMS and
the cooling medium used was either pure water or Al,Os-water nanofluid. The
researchers discovered that adding 0.04 vol.% of AlyOs resulted in a 7% decrease
in the average cell temperature of batteries. This was due to the enhanced cool-
ing capabilities compared to using pure water cooling BTMS. Al-Zareer utilized
ammonia [29] and liquid propane [30] as high-temperature fluids (HTF) in the
construction of BTMS. Both ammonia and liquid propane filled only 5% of the
surface and were filled at a pressure of around 8.5 bars. It was observed that the
rise in pressure resulted in a decrease in the temperature gradient across the sur-
face, despite a rise in the mean surface temperature. The researchers discovered
that utilizing propane and ammonia-based BTMS resulted in superior regulation
of cooling on the battery’s surface temperature. This method effectively kept the
surface temperature below 40 °C even during extremely rapid charging and dis-
charging at a rate of 7.5 C. Al-Hallaj et al. [31] were the first to propose BTMS
based on Phase Change materials. Sabbah et al. [23] investigated Li-Ion cells by
air as well as PCM-based cooling. The results showed that the ambient tempera-
tures being high combined with a high discharge rate fail to maintain the battery
temperature under safe limits. Traditional PCM-based BTMS cover the battery
pack’s entire empty area with PCM. However, this technique causes uneven heat
rejection, with corner cells releasing heat faster than central cells, resulting in tem-
perature differences. To solve this issue, Jilte et al. developed a unique battery
arrangement [32]. This novel design comprises encasing battery cells in cylindrical
blocks of PCM, as seen in Figure 2.5 The spaces between cells promote natural
convection, resulting in efficient heat absorption from PCM. This BTMS arrange-
ment exhibited outstanding temperature consistency, measuring 0.05 °C and 0.12
°C at discharge rates of 2 C and 4 C. Additionally, this structure helped to reduce
the total weight of the lithium-ion battery pack. Chen et al. [33] numerically
analyzed Battery TMS using air cooling as well as PCM-based cooling method.

Simulations are done at various ambient temperatures, intake velocities of air cool-

ing, and PCM phase change temperatures by applying the actual current profile
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to the battery model. The results showed that the air-cooling method is cheaper

than PCM cooling but in a longer life cycle, the air-cooling shows nonuniformity.

OOOOOO

Cells PCM

FIGURE 2.5: Side-by-side view of (a) the traditional PCM-based Battery Ther-
mal Management System (BTMS) and (b) the adapted PCM-cooled naturally
ventilated BTMS as proposed [32].

Wang et al. [34] experimentally investigated the effects of fins on battery TMS
performance by using low melting temperature (44°C') paraffin wax. The bat-
tery temperature, on average, was lowered by 8°C. Sun et al. [35] introduced
a BMTS incorporating a CPCM and fins, featuring longitudinal cylindrical and
longitudinal fins. Initial experiments were done to assess the performance of var-
ious BTMS configurations. It was deduced that the Fin-PCM composite system
had the best performance as compared to the other cases at high heat generation
rates of 20W. Zhao et al. [36] investigated BTMS using PCM. Copper Foam was
used to eradicate the low thermally conductive PCM having thermal performance
issues for temperature control. Active cooling was also done using cooling fluid

running through tubes evenly distributed in the composite Phase Change Material

(CPCM).

Numerical investigation was done using ANSYS Fluent by creating a BTMS model
with active cooling tubes. The impact of CPCM and fluid velocity was investigated
and a 14 °C lower cell temperature was seen which is a considerable improvement
in thermal management employing CPCM and liquid cooling. Weng et al. [37]
Investigated the effects of surrounding temperatures on BTMS. Conducting ex-
perimentations, it was found that steady-state current operations result in higher
temperatures resulting in failure of a PCM-cooled BTMS and battery failure. Af-
ter 1500s the at surrounding temperature of 45°C', the battery temperatures were
54.0°C'. This led to the development of a secondary cooling system using heat

pipes. Goli et al. [38] developed a composite phase change material (PCM) with
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increased thermal properties by including graphene. This was done to improve
the thermal management of lithium-ion batteries (LIB) due to the low thermal

conductivity of PCMs.

The addition of graphene to the phase change material (PCM) resulted in a signifi-
cant decrease in the temperature increase of the lithium-ion battery (LIB) module,
in contrast to the standard pure paraffin. In their study, Ghadbeigi et al [39] exam-
ined the warming up capabilities of lithium-ion batteries (LIB) using two different
materials: pure paraffin and a commercial phase change material (PCM) module
including graphite/paraffin composites. The researchers tested the batteries un-
der both short and extended stop situations. The findings demonstrated that the
utilisation of pure paraffin, which possesses a poor thermal conductivity, provided
a marginal benefit over PCM composites. This advantage was observed in terms
of maintaining the LIB module at an elevated temperature and enhancing heat
retention. It can be inferred that the thermal conductivity of PCM significantly

affects the performance of battery thermal management.

The primary method to enhance thermal conductivity is by combining PCM with
additives. However, there is insufficient information regarding the extent to which
thermal conductivity can be improved. Furthermore, the specific impacts of ad-
ditional factors, such as latent heat in pure phase change materials (PCM) and
porosity in composite PCM, have not been thoroughly elucidated. For instance,
the latent heat is a crucial factor in determining the response performance of PCM.
Ramandi et al. [40] suggested the integration of two distinct phase change ma-
terials (PCM) for the purpose of regulating heat in lithium-ion batteries (LIB).
A comparison was made between the effects of using one and two phase change
materials (PCM) when the battery discharged at a constant rate at an average
temperature of 30 o C.The results demonstrated that the two-PCM configuration
had a slightly higher level of efficiency compared to the one-PCM configuration.
Jiang and Qu [41] devised a sandwich configuration consisting of a battery pack,
phase change material (PCM), and heat pipes. The study examined many factors
that affect the system, such as the melting temperature of the phase change ma-
terial (PCM), the heat transfer coefficient of the heat pipes during condensation,
and the thickness of the PCM. Li et al. [42] conducted an experimental study
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on three systems, including natural air convection, PCM, and metal foam PCM.
The study focused on a battery consisting of 9 cells discharging at current rates
of 0.5C, 1C, and 3C. The previous configuration was deemed superior in terms of
its ability to decrease cell temperature and achieve temperature uniformity. The
comparison of battery packs with composite PCM shown a decrease in the surface
temperature of the heater when compared to systems without PCM. In order to
limit the increase in battery temperature to below 50 °C, a phase change material

(PCM) with a melting temperature can be selected.

Nasehi et al. [43] conducted a numerical investigation on the utilisation of three
layers of phase change material (PCM) to surround a battery consisting of hun-
dred cylinder-shaped cells.In the case of under-insulated walls, a single layer con-
figuration provides superior cooling in comparison to a three-layer design. The
three-layer structure provides enhanced cooling when battery system walls are
exposed to natural convection. Additionally, it was discovered that the system
provides superior cooling when the phase change material (PCM) with large ther-

mal conductivity values is filled adjacent to the battery surface.

Moraga et al. [44] conducted research on LIB pack that utilised phase change
material (PCM) in either a single or triple layer configuration surrounding the bat-
tery. They investigated two distinct thicknesses: 3 mm and 12 mm. The researchers
observed that out of the four phase change materials (capric acid,decahydrate
sodium carbonate,octadecane,and eicosane), decahydrated sodium carbonate with
a three-layer architecture resulted in a decrease in the maximum battery temper-
ature. These findings were further validated by placing a material with strong
thermal conductivity adjacent to the surface and a substance with low conductiv-
ity on the outer wall. Safdari et al. [45] analyzed BTMS using a coupled system
with active cooling channels and PCM-based passive cooling of 18650 Li-Ion bat-

teries.

The results showed that at low discharge rates, the PCM-based cooling was effec-
tive in controlling temperatures. However, at a high discharge rate, for effective
cooling of the battery pack, the active air channels around the container played

a major role when the passive cooling failed. Li et al. [46] conducted research
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on optimization techniques with the goal of reducing the overall amount of phase
change material (PCM) in cylindrical BTMS. An analysis was conducted to opti-
mise the mass of phase change material (PCM) by examining the impact of battery
diameter, spacing, PCM thickness, and heat generation rates. The temperature
difference reaches a maximum value of approximately 2.9°C and 3.5°C for PCM

radii of 48 mm and 55 mm, respectively.

Rao et al. [47] used a mini-channel paired with PCM-based BTMS for Li-ion
batteries. Initially, the PCM absorbed the generated heat from the battery, which

was subsequently discharged into the environment via liquid flowing via the mini-
channel. Several parameters were investigated, including water mass flow rate,

number of channels, phase change temperature, and thermal conductivity of the

PCM.

The results showed that having more mini-channels resulted in a greater drop in
battery temperature and better temperature uniformity. However, it was discov-
ered that PCM-based BTMS surpasses hybrid BTMS for temperature uniformity:.
Optimal conditions, with eight mini-channels and a mass flow rate of 8 x 1074
kg /s, provided a phase transition temperature of 308.15°C, thermal conductivity
of 0.6 W/m-°C, and temperature.
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FIGURE 2.6: The schematic and experimental graphics show a PCM-based Bat-
tery Thermal Management System (BTMS) with integrated triangular, rectan-
gular, and circular fins [45].
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FIGURE 2.7: PCM liquid hybrid systems [47].

Wu et al. [48] proposed a BTMS that combines PCM with a heat pipe. In this
arrangement, the evaporator section of the L-shaped heat pipe was sandwiched
between PCM plates, while the condenser section extended outside the battery

pack (Fig. 8c).

The incorporation of the heat pipe in the PCM-based BTMS reduced the maxi-
mum battery temperature from 53.2 to 50.9°C. They experimented further by com-
bining the condenser part with forced air at velocities of 1, 2, and 3 m/s, lowering
the maximum battery temperature to 50.9-47.2°C. Despite these enhancements,

the hybrid BTMS did not significantly increase temperature difference when com-

pared to the PCM-based BTMS.

L

Exaparator section (175mm)

Designed battery pack Heat pipe-assisted PCMP Heat pipe

FIGURE 2.8: The graphic depicts three different configurations of air-based hy-
brid Battery Thermal Management Systems (BTMS) using circular, hexagonal,
and rectangular CELL-PCM unit forms [48].
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Chen et al. [49] examined maintaining the temperature of Li-ion batteries during
a 3 C discharge rate; the study used paraffin/EG paired with liquid cooling. Four

distinct liquid cooling arrangements were investigated.

In type 1, liquid circulated through four corner channels, but in types 2 and 3,
it flowed through four vertical and diagonal channels. Type 4 involved a liquid
travelling via four central channels. Both layout types 1 and 4 were equally ef-
fective at reducing temperature and ensuring consistency. Variations in liquid
velocity ranged from 0.2 to 0.14 m/s. Beyond a velocity of 0.8 m/s, there was no

substantial drop in battery temperature.

Shojaeefard et al. [50] conducted a study to investigate BTMS using six different
fin types combined with PCM cooling. The results indicated that the horizontal
fins had the optimum cell temperature control as compared to other fin arrange-
ments and types. The results also indicated that the BTMS temperatures are
affected by changing the fin alignment. Youssef et al. [51] conducted a unique
design optimization to study the thermal performance of large Li-Ion batteries

undergoing high discharge rates and cyclic loading.

Results showed that out of all cooling methods, PCM combined with jute gave the
lowest temperature of 35.09 °C. At very high discharge rates the PCM combined
with the jute cooling system gave the highest temperature of 36.29 °C. This study
did not account for the life cycle assessment of PCM-Jute degradation. Huang et
al. [52] numerically and experimentally studied BTMS using PCM 18650 Li-Ion

batteries connected in parallel.

The BTMS is analyzed based on the heating rate model developed from the in-
ternal resistance of the cell. Results showed that the battery temperatures are
lowered when the thermal conductivity of the PCM changes. However, at very
high thermal conductivities, between 5-15 W/m-K, the temperature change is not

significant.

The lowest temperature of the cells achieved in this study was 44.5°C'. El Idi et
al. [53] investigated a BTMS on a fundamental level by using a single Li-Ion cell

combined with metal foam added to the PCM. Both numerical and experimental
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analyses were performed to investigate the ability of PCM and CPCM to absorb
the heat produced by the cell. Specifically for the numerical analysis a novel

battery test bench was also developed.

FIGURE 2.9: Physical representation of a LIB pack with 25 18650 cell units
before and after packing with PCM [52].

The results revealed that adding aluminum foam to the cell allows for more effi-
cient thermal control. The optimization investigation revealed that the thickness
of PCM has very significant effects on the BTMS. It was also discovered that
adding an extra volume of PCM has little effect on the cell surface temperature.
Investigated PCM-based BTMS where the PCM is present around the boundary
of the battery pack. Capric acid is used as PCM in this BTMS. PCM thickness
optimization was also done with PCM thickness ranging from 3-7 mm. The effect
of ambient temperatures on the BTMS was also studied considering two ambient
temperatures 21°C and 50°C'. Furthermore, the effect of simple paraffin is com-
pared to the Capric acid. The results showed that the PCM thickness of 3mm
gave the optimum and lowest cell temperature of 32°C'. The battery can likewise
be emulated with a solid cylinder of fixed voltage supply. For instance, Duan and
Naterer [54] conducted a study on a heater enclosed by PCM and performed a
comparison using several voltage supplies: 1.5 V, 4.5 V, 7.5 V, and 12 V. The
findings demonstrated a decrease in the maximum temperature and unevenness
while utilising Phase Change Material (PCM). Hemery et al. [55] studied the ef-
fects of increased internal resistance with age and thermal runaway when a cell

short circuits in lithium-ion batteries. In this study, for safety considerations, a
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combination of electrical heaters enclosed in a casing was used instead of actual

cells along with forced air convection as a cooling medium.

od4— T,

FIGURE 2.10: The experimental testbed includes a sample battery cell, a syn-
optic view of the testbed, and thermocouple locations [53].

The cell surface temperature under failure was maintained at 60°C' in the PCM-
enhanced BTMS. In the case of forced convection by air, the cell temperature
exceeded 60°C'. Also, the volume percentage of PCM-enhanced BTMS was reduced
from 79.7% [56] to 25% in comparison with the previous studies.
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FIGURE 2.11: Schematic of the apparatus [55].

2.1 Current Methodology

The present investigation is centered on using experimental as well as numerical
methods to improve the energy and thermal performance of BTMS. To the best of
the author’s knowledge, a PCM-fins combined BTMS using a battery test bench

and steady-state Discharge rates (heat generation rates) has not been studied.
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Also, the effects of tilting angle(Taper fins) as compared to the rectangular fins
with a constant effective fin surface have not been analyzed before. A novel bat-
tery test bench is developed to analyze Lithium-Ion cells made from aluminum
combined with specialized ceramic heaters forming a battery pack with different
heat generation rates. The study also focuses on the comparison of convective and
diffusive heat transfers for different fins cases including an unfinned case as well
as Rectangular fins, Taper fins, and Circular fins. The performance would be en-
hanced with passive cooling by using Phase Change Material, Rubitherm GmbH
RT-42. The need for numerical analysis along with concrete experimental results
is due to the errors involved in experimentation. The number of sensors that could
be used in a physical setup is limited which in some cases due to convection effects
does not give correct thermal scoping. However, as a numerical solution deals with
the area-weighted average of both the cell and PCM temperature gives accurate

results to nullify the errors.



Chapter 3

Experimental Setup

3.1 Battery Thermal Management System De-

sign

The BTMS design comprises three main components: the battery pack, with
cells submerged in the PCM; a heat generation circuit connected to the cells;
the Arduino Mega 2560, which sends temperature sensor data to a computer,
as shown in Figure 3.1. The housing of the battery pack is made up of a 5mm
acrylic sheet. A working flow model of these key components is shown in Figure 3.1.
The battery pack contains four cells, which are equally spaced. The cells are the
same dimensions as 18650 li-ion cells and are covered with aluminum material.
A modified ceramic heater 10W3R3J is placed in a 10 x 10 x 65 mm slot at the
center of each cell to provide equal heat flux at each surface. A 2D representation
of a cell with its dimensions is shown in Figure 3.2. The length, width, and height
of the box, made out of acrylic, are 72 mm, 72 mm, and 85 mm, respectively.
A fin thickness of 1 mm is constant for each case. The fin height is equal to the
height H of the cells. The actual constructed LIB pack is shown in Figure 3.3.
A brief schematic of the controller circuit and its working is shown in Figure 3.4.
Thermocouples and LM-35 sensors provide temperature data for the PCM and
cells, respectively. Further details of the circuit, heaters, and sensors are discussed

in Section 3.1.2. The fin design was initiated from the rectangular fins from the

24
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reference [57] and taper and circular fins are further modified keeping the surface

area constant.
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FIGURE 3.1: Schematic and working flow model of the proposed battery thermal
management system.

3.1.1 Phase Change Material Selection Criteria

The Phase Change Material (PCM) selected is Rubitherm RT-42. The reason for
choosing this specific PCM is that the author aims to test the BTMS under higher,
as well as moderate ambient temperatures. keeping that in mind the PCM selected
had a melting range of 38°C to 43°C, which is suitable for testing under both
temperature ranges. The selected PCM is chemically inert and stable with long
cyclic life. RT-42 is an organic PCM with very high heat capacity(latent) which is

advantageous for thermal energy storage and thermal enhancement applications.

3.1.2 Controller Circuit and Heat Generation Rates

The controller circuit was made up of a combination of micro controllers to pro-

duce smooth pulse wave modulation (PWM) with the ability to vary the heating
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FIGURE 3.2: Detailed dimensions of the used fins: (A) the unfinned case; (B)
taper fins; (C); circular fins; (D) rectangular fins [57].
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(c) (D)

FIGURE 3.3: Illustration of the actual manufactured and assembled BTMS with
all electrical connections to heaters: (A) the unfinned case; (B) rectangular fins;
(C) taper fins; (D) circular fins.
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FIGURE 3.4: Schematic to explain the working of the battery simulator, as well
as a visualization of the actual circuit.
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rate for the ceramic heaters from 0.05 W to 6 Watts in the complete circuit, ac-

commodating all losses. The ceramic heaters used in this study and their assembly

O

B 3 Ceramic
Cellbody  pranier

in the unfinned case are shown in Figure 3.5.

B SECTION B-B
(A) (B)

FIGURE 3.5: (A) Ceramic heater used for volumetric heat generation; (B) CAD
illustration of the assembly of a ceramic heater fixed in an unfinned cell.

The heat generation rates used, as quoted by Choudhari et al. [57], are shown in
Figure 3.6. The heating rate for 1C was 0.2 W, 2 C was 0.7 W, and 3 C was 1.5
W per cell. So, for the 4-cell configuration, the circuit needed a heating rate of 4
times the rating. The steady-state heating rate applied for 1C was 0.8W, 2C was
2.80 W, and 3C was 6 W. The cell surface temperature was measured using an

LM-35 temperature sensor with a tolerance of +0.25 °C.

The cell surface temperature was measured at two locations with offsets from the
top and bottom of the cells. Additionally, six K-type thermocouples with an ac-
curacy of +1.5 °C were used to measure the temperature of the PCM. Arduino
Mega 2560 and Arduino Uno were coded and used for the temperature measure-
ments. For the constant ambient temperature measurements, the control circuit

was maintained at 27°C.

The thermocouple locations were set to scope the height of the box, as well as
the length and width, to ensure the accuracy of PCM temperature measurements.

The cycle time used to observe temperature evolution was kept fixed at 60 min
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for all cases. The T,.s for each cell was 23.18°C and the T,.¢ for the PCM was
26.29°C.

3.1.2.1 Controller Circuit Validation and Response Time

The controller circuit was validated using the heat generation rate of circuit and

Choudhari et al. [57]. The validation is shown in Figure 3.6.
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FIGURE 3.6: Controller circuit validation with Choudhari et al. [57].

The validation shows the heat generation rates produced by Choudhari et al. [57]
and the completely overlapped reproduced heat generation rates in the current

study.

Moreover, the temporal response time to reach these respective heat generation

rates and their corresponding powers are also shown in Figure 3.7.
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FIGUuRE 3.7: Temporal response times for heat generation in the controller
circuit, as well the corresponding power.

The temporal response time for the controller circuit validates the steady state
condition for the heat generation rates and power. This temporal response time
and the steady state behavior helps in simplification of the cell discharge rates and

the time dependency of C ratings for the 18650 Li-Ion cell can be disregarded.

3.1.3 Sensor Placement

The precise positioning of sensors was a crucial step in the construction of the
Battery Thermal Management System (BTMS). The utilisation of six K-Type
thermocouples was important in quantifying the behaviour of Phase Change Ma-

terial (PCM).

The placement of these thermocouples was strategically determined based on Fig-
ure 3.8. Due to the symmetrical construction of the battery pack, sensors were
placed at three distinct depths: completely submerged, slightly submerged, and
near the upper surface of the PCM. The entire technique allowed for precise tem-

perature monitoring and assessment of convection effects within the PCM.
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(a) (B)

FIGURE 3.8: PCM sensors placement in the LIB pack in (A) Side view (B)
Isometric view.

The positioning of the two temperature sensors within the cells adhered to the
arrangement illustrated in Figure 3.9. The grey bodies are an illustration of the
cell temperature sensor LM-35. Both the top and bottom sensors record similar
readings during the conduction phase of the Phase Change Material (PCM) and
the cell.

However, as soon as the melting process starts, it would became clear that there
was a noticeable difference in temperature between the upper and lower parts of
the cell. This discrepancy is crucial for examining the dynamics of cell temperature

and comprehending the thermal behaviour throughout the phase of melting.

FIGURE 3.9: Cell temperature sensor placement at the top of one cell and the
bottom of another cell.



Chapter 4

Numerical Methodology

4.1 Domain Discretization and Mesh

A two dimensional simplified model along the diagonal section was defined from
the 3D CAD model of the LIB pack The 3D CAD model of the LIB pack is shown
in Figure 4.1.

FIGURE 4.1: 3D CAD of the unfinned case.

32
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The section from the diagonal direction was obtained by rigorous numerical opti-
mization considering different section views which then led to the diagonal direc-

tion being the optimum case.

The section view from the CAD model obtained is shown in Figure 4.2. This CAD
was then created in ANSYS for the numerical analysis which is shown in Figure

4.3

FIGURE 4.2: Section view from the 3D CAD in the diagonal direction.

F1GURE 4.3: Diagonal 2D domain generated in ANSYS workbench.
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4.2 Numerical Problem Formulation

A buoyant two-phase (solidification/melting) laminar flow was simulated using
ANSYS Fluent 2021 R2. In order to perform numerical simulations, several as-
sumptions were made and the system was simplified. The liquid phase of the
PCM was defined as an in-compressible, Newtonian, homogeneous, and isotropic
media and the radiation heat transfer was deemed insignificant compared to nat-

ural convection heat transfer.

The buoyant force caused by temperature-dependent density fluctuations during
PCM melting was modeled using the Boussinesq approximation. The volume ex-
pansions of the PCM were likewise omitted when using the Boussinesq approxima-
tion and natural convection was assumed to be laminar. For a proper comparison
of results, two of the cell cases were chosen based on the experiments performed
in the current study: the unfinned (base case) and the best-performing rectangu-

lar fin case.

4.2.1 Governing Equations

PCM melting includes a complicated two-phase flow simulation with strong natural
convection effects. As a result, the enthalpy porosity approach of Voller and
Prakash [58] was used to simulate the phase transition process using a single set
of governing equations. The equations for continuity, momentum, and energy are

shown in Equations (4.1)—(4.3), respectively.

dp | O(pu;) _
8t+ ox; =0 (4.1)
dpui) | Olpuiu;)  Jp 0%, |
o T ow, = o Manar; e 1.2
d(ph) | 9(puih) 0 oT
ot * ox;  Ox; /\8351- (4.3)

where g, u, p, u, and p are the gravitational acceleration, velocity density, vis-

cosity, and pressure, respectively. Natural convection is induced during PCM
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melting due to temperature-dependent density differential and gravitational influ-
ences. The momentum equation’s buoyancy source term F'g; was solved using the
Boussinesq approximation: Fp, = Sp(T — T})g. In the energy equation, A, h, and

T are the thermal conductivity, enthalpy, and temperature, respectively.

4.2.2 Enthalpy Variations

Depending on the phase of the material, PCM enthalpy variations can be divided
into three primary stages: (i) fully solid PCM; (ii) partially liquid and solid PCM;
and (iii) fully liquid PCM. Equation (4.4) represents the phase segregation-based

mathematical expressions for these enthalpies.

¢

S G dT, it T < T,

h=q Jps Cp.dT + AH, T, <T <T, (4.4)

\sz;;cpsdT_‘_AH_‘_fgCPsza lfTZTl

where T}y is the reference temperature, which had the value of 27 °C in this study.

4.2.3 Melting Fraction

The latent heat content is denoted by AH, while the specific heat for liquid and
solid PCM is denoted by C; and C,, respectively. The PCM melt fraction (J) is

given in Equation (4.5).

0, it T < T

AH T_T
Leow |T—1, "TTH 4

1, it T > 1T,

\

Similar to the enthalpy variations, the melting fraction has three stages: (i) when
temporal temperature is below the solidus temperature of PCM, the melting frac-

tion is 0; (ii) when temporal temperature is above the liquidus temperature, the
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melting fraction is 1; (iii) when the temporal temperature is between the liquidus
and solidus temperatures, the melt fraction is calculated using the ratio of the
difference between the liquidus and solidus temperatures to the difference between

the temporal and solidus temperatures.

4.2.4 Momentum Source Term

The momentum variation in liquid PCM induced by natural convection is described
by the source term Fjy; in Equation (4.2). Additionally, Equation (4.6) represents
the damping source term, which is characterized by Darcy’s law according to the

model proposed by Olabi et al. [59].

F o AMushy(]- - 6)2
M= e

Uj (4.6)

where Apysny serves as the mushy zone constant responsible for velocity damping.
Values of Aprysny generally range from 10* to 107. The higher the value of Apsyshy,

the slower the melting. The Apsysny value chosen for this case was 10°.

4.3 Discretization Schemes and Solutions

The governing equation’s diffusive part was resolved using a second-order cen-
tral differencing scheme and the momentum term was solved using the pres-
sure staggering option (PRESTO) scheme. In the energy and momentum equa-
tions, the convection terms were resolved using a third-order monotone upstream-
centered scheme for conservation laws (MUSCL). Temporal discretization was

achieved using a second-order implicit scheme, which is very stable.

To obtain accurate results, the convergence criteria were set to 107%.For the
pressure-velocity coupling, the semi-implicit method for pressure-linked equations
(SIMPLE) was used. In the SIMPLE procedure, the relationship between pressure
and velocity corrections is employed to solve for mass conservation and determine
the pressure field. The face flux, denoted as J}, is computed by solving the mo-

mentum equation with a guessed pressure field p*.
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4.4 Boundary Conditions, Initial Conditions, and

Thermophysical Properties

The boundary and initial conditions used in the numerical analysis were as follows:

1. The control volume for the heaters was given a volume condition as the
heat generation rate (W/m?), according to Choudhari et al. [57], which was
94,023.8 (W/m?) for 3C, 41,788.37 (W/m?) for 2C, and 10447 (W/m3) for
1C;

2. The walls were exposed to the environment as the system was not kept

adiabatic and had a natural convection coefficient of 2.5 W/m? K;

3. The mushy zone constant was kept at the default level and solidification and

melting were used to simulate the phase change process;

4. All thermophysical properties for both the numerical and experimental se-

tups are shown in Table 4.1;

5. The solution was initialized and patched with 23.18 °C for the cells and
26.29 °C for the PCM, fins, and base plate temperatures, while the housing,
which is exposed to the environment, was kept at 27 °C. The reason for these
selected temperatures was to maintain uniform reference temperatures for

both the experimental and numerical analyses.
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TABLE 4.1: Thermophysical properties used in the experimental and numerical
models.

Property RT-42 Aluminum Acrylic Ceramic Heaters

Solidus Temper- 38 - - -
ature (°C)

Liquidus Tem- 43 - - -
perature (°C)

Heat Storage 165,000 - - -
Capacity (J/kg)

Specific Heat 2 871 1300 850
Capacity

(kJ/kg.K)

Solid  Density 880 2719 1215 2630
(kg/m?)

Liquid Density 760 - - -
(kg/m?)

Thermal 0.2 152 0.17 12
Conductivity

Thermal  Exp. 0.0006 - - -
Coeflicient

(K

4.5 Timestep and Mesh Independence Study

To eliminate the effects of mesh and timestep on the solution, a mesh and timestep
independence study was conducted. Three different grid sizes were created: 10000,
20033, and 36668 elements. Also, for timestep independence, 0.5, 0.25 s, and 0.125 s
were investigated on a grid size of 20033 elements. No significant deviations were

observed during either study. So, a timestep size of 0.5 s and a grid size of 20033
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elements were chosen. Figure 4.4 shows the time-temperature curve for each of

the element sizes and timesteps.
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FIGURE 4.4: (A) Mesh independence; (B) timestep independence.

The mesh selected after the mesh independence study consisting of 20033 elements

is shown in Figure 4.5

0.00 50.00 100,00 {rom)
I 4 .00 )

25,00 75,00

FIGURE 4.5: Orthogonal mesh with 20033 elements constructed in ANSYS
meshing for the numerical analysis.



Chapter 5

Results and Discussion

5.1 Experimental Results

The performance of each case was evaluated based on its geometry. The main pa-
rameter under study was cell temperature. The base case, which was the unfinned
case, was also evaluated without the PCM, which helped to create the baseline
reference temperatures to compare the results to after the addition of the PCM

and different fin structures

5.1.1 Temporal Temperature Variation at 1C Discharge
Rate

At 1C discharge rate the cell temperatures for all the cases are shown in Figure 5.1.
Initially, the cell temperature for the unfinned case rises which is then controlled
by the PCM by conduction. Due to low heat generation rate at 1C discharge
rate, all the cases remain in the conduction region with the PCM and below
the optimum temperature 40 °C. However, the unfinned case attains the highest
temperature amongst other finned cases showing the worst thermal performance.
The rectangular fins case supersedes all the other finned and unfinned cases and
shows the lowest temperatures. The Figure 5.1 shows another key comparison of

the effectiveness of introduction of PCM in the Battery pack by comparing the

40
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unfinned case in PCM with unfinned case in the ambient environment (without

PCM).
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FIGURE 5.1: Temporal temperature variation at 1C discharge rate for all finned
and unfinned cases in PCM and in natural convection.

5.1.2 Temporal Temperature Variation at 2C Discharge
Rate

At 2C discharge rate the cell temperature variation with time is shown in figure
5.2. This intermediate discharge rate has a corresponding heat generation rate of
41788.37 W/m? which in the case of unfinned ambient cell, crosses the optimum

temperature after 20 mins out of the 60 mins cycle time.

However, when the cells are placed in PCM for each of the finned and unfinned
case, neither cases finned or unfinned cross the optimum temperature. Amongst
the cell cases placed in PCM, the unfinned case following the trends of 1C discharge
rate has the worst performance. The rectangular fins case shows the most effective

performance lying close to the circular fins as shown in Figure 5.2.
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FIGURE 5.2: Temporal temperature variation at 2C discharge rate for all finned
and unfinned cases in PCM and in natural convection.

5.1.3 Temporal Temperature Variation at 3C Discharge
Rate

The temporal temperature variation at 3C discharge rate is shown in Figure
5.3. This is the highest discharge rate with corresponding heat generation rate
of 94023.8 W/m3. The cells reach the highest temperatures at this discharge rate
and have a rapid slope of temperature increase as it can be seen for the unfinned
ambient case which crosses the optimum temperature at around 5 mins. The in-
duction of PCM into the LIB pack enhances the thermal performance of the cells
and it can be observed that the slope of the temperature increase is controlled in
each case by the melting of the PCM. During both conduction region and melting
region the unfinned case has the highest temperature and crosses the optimum
temperature at around 30 minutes. However, the optimum case rectangular fins
reaches that temperature at round 45 minutes. Each of the finned and unfinned
cases are above the optimum temperature at the end time of 60 mins with the

lowest temperatures achieved by the rectangular fins.
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FIGURE 5.3: Temporal temperature variation at 3C discharge rate for all finned
and unfinned cases in PCM and in natural convection.

To summarize, The temperature variation in the 3C discharge rate is shown in
Figure 5.3, in which the unfinned case had the maximum temperature due to
heat accumulation after the melting front completely traveled away from the cell
surface. The maximum temperature achieved for the unfinned case was 45.87 °C
at 60 min. That is 5.87 °C beyond the maximum temperature for 18650 li-ion
cells. The taper and circular fin cases had maximum temperatures of 44.4 °C and

42.9 °C, respectively.

However, the rectangular fin case was the best-performing case in all of the exper-
iments performed, having a maximum temperature of 42.7 °C at 60 min. The per-
centage decrease in temperature achieved for the 3C discharge rate with the rectan-
gular fins was 6.91%. Although the temperature at 60 min was above the optimum
temperature, it can be seen that a significant increase in operation time to achieve
the maximum optimal temperature. For instance, an unfinned case achieves 40 °C
at 28.08 min. However, the rectangular fins case achieved a temperature of 40 °C

at 43.17 min, which represented approximately 15 min more operation time below
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the maximum temperature.

The reason for the increase in temperatures above the optimal cell temperature
was because of the 0.2 W/m.K thermal conductivity of the phase change material,
which created a thermal barrier with its high storage energy when the melting

front was away from the cell surface, as well as the fin surfaces.

Similarly, for the 2C discharge rate, the best-performing case was the rectangular
fin case, with a maximum temperature of 33.915 °C. The unfinned case had the
highest temperature of 37.82 °C, which showed that the rectangular fins had a very
significant effect on the temperatures of the cells. All of the different geometries
stayed below 40 °C for the 2C and 1C cases as the conduction region of the PCM

was very effective at limiting the cell temperature.

Figure 5.1,5.2 and 5.2 shows the key difference and effectiveness of the addition
of the PCM and fins in the 1IB pack. As a comparison, it can be observed that
the unfinned ambient 3C case achieved 40 °C at 5.6 min, whereas the unfinned
case with the PCM achieved the same temperature at 28.42 min and the rect-
angular fin case with the PCM achieved it at 43.17 min, which were significant
changes. For the unfinned ambient case at 1C, the temperature reached 36.11 °C
at 60 min compared to the optimum rectangular fin case, which had a maximum
temperature of 25.38 °C. So, a temperature improvement of 29.71% was observed
for 1C. Similarly, for the 2C discharge rate, the maximum temperatures of the
unfinned ambient and rectangular fin cases were 47.34 °C and 33.92 °C, respec-
tively. A maximum temperature improvement of 28.35% was observed for the 2C

discharge rate.

5.2 Thermal Performance of the BTMS

To evaluate thermal performance based on the temperature evolution during a
fixed 60-min cycle for each discharge rate (heat generation rate), a performance

enhancement factor © was defined, as shown in Equation (5.1).

- Tcell (t> - Tref(t)
@(t) B T’initial(t) - Tref(t) (51)
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where T is the temperature at ¢ = 60 min, T}, is the initial temperature
of the cell at ¢t = 0 min, and T, is the reference temperature, which was the
average ambient temperature kept constant at the time of each experiment and
numerical simulation. Figure 5.4 depicts the thermal performance enhancement
for the rectangular fin case, which was greater than all of the other cases (smaller
bar heights represent better results) at the 3C and 2C discharge rates. However,
the 1C case was only in the conduction region and the melting fraction remained
zero throughout the time of the experiment and simulation, so the trends changed

and the unfinned case performed better.

The thermal performance factors for each Discharge rate are shown in Table 5.1.
The temperature ratio comparison shown in Figure 5.4 is based on the unfinned
ambient case, which showed that the rectangular fin case at 3C tended to keep
the temperature of the cells below the required level at § = 4.18. The circular fin

case was at the borderline for the 3C discharge rate.
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FIGURE 5.4: The thermal performance enhancement ratios at different dis-
charge rates compared to the unfinned ambient case as a benchmark.
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TABLE 5.1: Theta values at different discharge rates.

0
Discharge Unfinned Rectangular Taper Fins  Circular
Rate Case Fins Fins
1C 0.023 0.42 0.17 0.42
2C 2.83 1.81 2.38 1.94
3C 4.94 4.11 4.56 4.18

3C Ambient 6.19

5.3 Comparison of Numerical and Experimen-

tal Results

5.3.1 Numerical Validation

To verify the correctness of the numerical model, along with a comparison to the
experimental results, the numerical model and methodology were also validated
by reproducing the results and comparing them, as performed by [57]. Figure 5.5
shows the validation results with errors of less than 1%. This verified that the

numerical model created was correct and would give accurate results.

5.3.2 Numerical vs Experimental Comparison of Cell Tem-
peratures for Each Discharge Rate

The numerical model was validated using the experimental results from the un-

finned and rectangular fin cases at each discharge rate to further verify the cor-

rectness of the experimental results. The numerical results comparison with the

experimental results are discussed for each discharge rates in the sections below.

5.3.2.1 1C Discharge Rate

The comparison of the numerical results with the experimental data at 1C dis-

charge rate at its corresponding heat generation rate for unfinned case is shown
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FIGURE 5.5: Numerical validation curve comparison to [57].

in Figure 5.6 and for the rectangular fins case is shown in Figure 5.7.The results
showed a promising trend with an agreement to the experimental results compris-
ing of error ranging from less than 1% to 5% over a 60 minutes cycle time. The
error bars for unfinned case are plotted at 5 percent. The curve detaching from
the experimental results is due to the LM-35 sensor fluctuations and the number

of cell temperature sensor being less for the experimental results.
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FIGURE 5.6: Comparison and validation of numerical prediction using experi-
mental results for unfinned LIB pack at 1C discharge rate.



Results and Discussion 48

32 T T T T T T T

(%)
(=1
T
1

Cell Temperature (°C)
o o] [\ ]
S (=)} [
T T
P
a» {
b ™
[ &
| ®©
L O {
[ 0
®O
®0
1 1

+ O Rectangular fins exp
22 @ Rectangular fins Num
1 1 1 1 1 1 1
0 10 20 30 40 50 60
Time (min)

FIGURE 5.7: Comparison and validation of numerical prediction using experi-
mental results for unfinned LIB pack at 1C discharge rate.

5.3.2.2 2C Discharge Rate

At 2C discharge rate the temporal comparison of experimental and numerical
results shows that the cell temperatures tend to rise and detach the experimental
results when time approaches 60 mins. This is due to the experimental data is
limited to two sensors and the numerical results giving an area weighted average

of the whole cell.

Overall, the results lie within error range of 5%. The comparison of results for

unfinned is shown in Figure 5.8 and for the rectangular fins is shown in Figure 5.9
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FIGURE 5.8: Comparison and validation of numerical prediction using experi-
mental results for unfinned LIB pack at 2C discharge rate.
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FIGURE 5.9: Comparison and validation of numerical prediction using experi-
mental results for unfinned LIB pack at 2C discharge rate.

5.3.2.3 3C Discharge Rate

The numerical analysis comparison with experimental results at 3C discharge rate
shows a promising trend to verify the correctness of the experimental results. For
the unfinned case comparison due to weak convection effects the results lay within
error range of less than 2%. The comparison is shown in Figure 5.10. Figure
5.11 illustrates a comparison between the average PCM temperatures obtained
from numerical simulations and experimental data for the case of unfinned and
rectangular fin cases. In the case of rectangular fins, the results agreement is
strong for the initial 20 minutes, but beyond that point, a slight deviation emerges,
approximately within a 5% range. This discrepancy is attributed to the onset of

strong buoyancy effects during this period, leading to notable
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FIGURE 5.10: Comparison and validation of numerical prediction using exper-
imental results for unfinned LIB pack at 3C discharge rate.
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temperature variations in the axial direction of the PCM and consequently con-
tributing to the observed mismatch in results. Therefore, rapid axial temperature
variation and the limited number of sensors lead to such deviation. However,
for unfinned cases, the results match quite well throughout the cycle since the

buoyancy effects are not as strong as observed in the rectangular fin case.
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FIGURE 5.11: Comparison and validation of numerical prediction using exper-
imental results for unfinned LIB pack at 3C discharge rate.

5.3.3 Heat Transfer in PCM at Different Discharge Rates

The temperature distribution and melt fraction evolution are shown in Figures 5.12
and Figure 5.13, which indicate that the temperature propagation for the rectan-
gular fin case was higher compared to the unfinned case. The heat accumulation
in the unfinned case at 45 min was due to the PCM having a melt fraction of 100%
near the cell wall, which created a thermal barrier close to the wall due to the low

thermal conductivity of the PCM.

The rectangular fin case had lower cell temperatures and less heat accumulation
as the fins propagated the heat into the PCM, even if the PCM at the cell surface
was melted, which kept the cell temperatures lower than those of cells without
fins. The corresponding melt fractions are shown in the Figure 5.12. The PCM
on the top surface of the cells melted faster than that at the height H of the cells,

which led to the spread of the melt fraction and flow at the top surface.
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FIGURE 5.12: Temporal evolution of temperature for the unfinned and rectan-
gular fin cases at the 3C discharge rate.
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F1GURE 5.13: Temporal evolution of liquid fraction in the unfinned and rect-
angular fin cases, with the maximum melt fraction occurring at 60 min at the
3C discharge rate.

The temperature variation at the 2C discharge rate had a similar behavior as
discussed in the 3C section. The temperature contours are shown in Figure 5.14.
The temperature propagation is also depicted and it can be seen that heat from
the acrylic housing was lost to the environment at free stream temperature with a
heat transfer coefficient of 2.5 W/m?-K. The melting fraction in the unfinned and
rectangular fin cases remained 0% as the melting was only localized on the cell top

surface and close to the cell wall along the height of the cells. The overall melt
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FIGURE 5.14: Temporal evolution of temperature for the unfinned and rectan-
gular fin cases at the 2C discharge rate.
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FIGURE 5.15: Temporal evolution of temperature for the unfinned and rectan-
gular fin cases at the 1C discharge rate.

fraction reached a maximum value of 1.3% at 60 mins. The temperature contours
for the 1C discharge rate are shown in Figure 5.15. The heating rate was very
low, which can be seen clearly in the results. However, the rectangular fin case
tended to dominate in performance, keeping the temperatures lower than those in

the unfinned case.
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5.4 Temporal Variation of Energy Storage Rate

The temporal variation depicted in Figure 5.16 illustrates the energy storage rate
corresponding to various discharge rates for both the unfinned and Rectangular
fins case. Notably, the energy storage rates for 1C and 2C discharge rates exhibit
complete overlap in both cases. This phenomenon arises from their confinement
within the conduction region, where no surface melting of the cell or fins occurs.
Specifically, at a 1C discharge rate, the energy storage rate ranges from 0.99 W at
t=>5 mins to 0.45 W at t=60 mins, while at 2C, it varies between 1.6 W and 1.4

W during the same time intervals.

However, at a 3C discharge rate, the superiority of the Rectangular fins case over
the unfinned case becomes apparent. Initially, both cases exhibit a similar trend
until t=45 mins, with the unfinned case maintaining dominance. Beyond this
point, the enhanced heat propagation facilitated by the fins enables the Rectan-

gular fins case to surpass the unfinned case.

At t=60 mins, the Rectangular fins case achieves a maximum energy storage rate of
5.9 W, demonstrating the significant impact of fins on enhancing heat dissipation

and thereby improving energy storage performance over time.

6 T v T v : . .
No Fins 3C v

No fins 2C

No fins 1C L
Rectangular fins 3C 4
Rectangular fins 2C g
4k Rectangular fins 1C

w
T
¢4 b onm

4m
4

0 . 1 . 1 . 1 . 1 . 1 . 1
0 10 20 30 40 50 60

Time (min)

FIGURE 5.16: Variation in energy storage rate in the PCM at different discharge
rates for unfinned and rectangular fins cases.
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5.5 Average Nusselt Number and Heat Transfer

Coeflicient Variations

The heat transfer coefficient could be calculated using the energy stored in the
PCM from the simulations. The values obtained for energy (J/kg) were multiplied
by the mass of the PCM used in the system and by the flow time at that data
point. The following mathematical formulation was used to calculate the heat

transfer coefficient and Nusselt number:

_ Q(J/kg) -m (kg)

Qt) 6 (5.2)

The heat transfer coefficient was obtained from
Qt) = hA(Them () = Toemvet) (5.3)
(t) = g1 (W/ (1K) (5.4)

As(Toem(t) = Toemret(t = 0))
where Tyem(f) is the temperature of the PCM at a specific timestep (flow time)
and T(pem, ref(t=0)) 18 the reference PCM temperature. The heat transfer coefficient
could then be further used to calculate the Nusselt number for each case at the

1C, 2C, and 3C discharge rates.

where h is the heat transfer coefficient, L is the characteristic dimension (which was
the height H of the cell in this case), and A is the thermal conductivity of the PCM.
The Nusselt numbers were then calculated for each timestep and averaged for each
case to compare the convection to the diffusion. The average Nusselt numbers are
shown in Figure 5.17, which indicate that the convective heat transfer of the PCM
was stronger in the rectangular fin case due to the propagating heat transfer into
the PCM compared to the unfinned case, where heat propagation slowed down as
soon as the PCM around the cell melted and the localized temperature rise caused

the PCM to melt only around the cell surface.



Results and Discussion

80 Unfinned
Rectangular-Fins

60

1 2 3
C Rating

FIGURE 5.17: Average Nusselt number variations with C rating, averaged for
different timesteps for comparison.



Chapter 6

Conclusion and Future Work

Conclusion

The thermal performance of a 2 x 2 li-ion battery pack was enhanced using the
passive cooling method. The PCM RT-42 was highly effective compared to the
system being placed in natural convection. The performance of the system was
further investigated and enhanced by introducing fins on the external surfaces
of the cells. It is pertinent to mention that the effective surface area and mass
of the PCM were kept constant for all cases. The important conclusions are

presented below:

1. The thermal performance at the 3C discharge rate for the unfinned case
placed in natural convection compared to being placed in the PCM had a
temperature enhancement of 9.44% at the time endpoint, while the naturally
cooled system reached 40 °C at 5.6 min and the system placed in the PCM
reached 40 °C at 28.42 min, which showed an enhancement in operating time

of 185%;

2. The optimal rectangular fin case produced the lowest temperatures at 60
min, which produced an operating time enhancement of 34.17% over the
unfinned case, while the temperature enhancement for a 60-min cycle was

6.91%;

56
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3. During a complete cycle of 60 min, most of the cases exceeded the optimal
cell temperature as heat accumulated due to the PCM having low thermal

conductivity;

4. Cases at the 1C and 2C discharge rates did not exceed the optimum cell
temperature and the PCM remained in the conduction region for all the

cases except the unfinned case;

5. An improvement in Nusselt number of 9.72% at 3C, 20% at 2C and 15.63% at

1C was observed when the rectangular fin and unfinned cases were compared.

Future Work

The results achieved in this study lead to more research openings where a number
of perspectives regarding the effective and efficient thermal performance enhance-

ment can be studied. In the future work:

1. The PCM thickness around the cells and pitch of the cell in the LIB pack
optimization is a critical perspective to reduce the Lithium-Ion Battery Pack
weight, which is a very critical parameter during application in electric ve-

hicles.

2. The current study takes into account only 1C, 2C and 3C discharge rates,
however the Lithium-Ion cells can run at higher discharge rates depending
on their geometry and construction of anode and cathode. Studying a single

cell at higher discharge rates is the current goal.

3. The effect of orientation of the battery pack at different angles as well as
in the horizontal direction is also a critical parameter which needs to be

studied.

4. The effect of fin orientation and number of fins optimization and could be

studied experimentally.
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5. The PCM having low thermal conductivity is a problem for implementation
of the passive cooling in BTMS. Currently, the author is working on develop-
ment and optimization of nanoparticles enhanced RT-42 paraffin wax using
Carbon Nano Tubes (CNTs). It is a work in progress where the composite
PCM is developed and is being characterized. The results might show that
due to a drastic improvement in the thermal conductivity, the fin geometry

introduction might not be required.
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